Objectives To systematically investigate the capability of susceptibility-weighted imaging (SWI) in the assessment of SS by comparisons with conventional MRI and DWI. Methods From retrospective data, 21 patients with SS who underwent conventional MRI, DWI and SWI sequences were selected. The number of microbleeds in the brain parenchyma and extent of the lesions identified between the three techniques were compared using one-factor analysis of variance. Results Susceptibility-weighted imaging showed excellent intra-and interobserver agreements in the assessment of SS, and also detected a larger number of SS with wider distribution in the surface of the brain and more cerebral microbleeds in brain parenchyma compared to the conventional MR sequences and DWI sequence (all p < 0.05). Conclusion Susceptibility-weighted imaging can provide excellent intra-and interobserver agreements and sensitive imaging biomarkers for detecting the presence of SS, especially the microbleeds in brain parenchyma, thus having the potential to improve early detection and progression monitoring of this disease.
Introduction
Superficial siderosis of the central nervous system (SS-CNS) is a rare disorder caused by hemosiderin deposition due to persistent or recurrent bleeding in the subpial layers of the brain, the spinal cord and certain cranial nerves [1] [2] [3] [4] . The classic neurological manifestations of SS include sensorineural hearing loss, progressive cerebellar ataxia and pyramidal signs [1] [2] [3] [4] [5] . Unfortunately, patients with SS often show irreversible neurological dysfunction because repeated and chronic hemosiderin deposits subdue the patients' ability to clear them [6] . It often takes some decades from the presumed inciting event to the development of symptoms attributable to SS, which is referred as pre-symptomatic phase [1, 7] . Hence, early identification and timely intervention play important roles in the prognosis of SS.
Prior to the advent of MR imaging, the diagnosis of SS was verified only by autopsy or surgical exploration [3, 8] . Conventional MRI is very sensitive to hemosiderin deposits and shows characteristic hypointensity along the pial surface or subarachnoid space of the brain and spinal cord on T2-weighted images, which makes SS more detectible nowadays [8, 9] . Moreover, diffusion-weighted imaging (DWI) is also a useful sequence in the detection of intracranial hemorrhage in the routine MRI of the brain [10] , making it possibly available in the exploration of SS. However, the diagnosis of SS still lacks confidence in both conventional MRI and DWI. Susceptibility-weighted imaging (SWI) is a technique that consists of both magnitude and phase images from a high-resolution, three-dimensional and fully velocity-compensated gradient-echo images [11] [12] [13] . As a result, SWI maximizes the sensitivity to magnetic susceptibility effects and has been used to visualize small cerebral veins and blood products based on the magnetic properties of tissues. A previous study has suggested that SWI is more sensitive than T2-weighted imaging for detecting hemosiderin 1 3 deposition [4] . Wang et al. [13] reported that SWI might provide a full evaluation of the degree and distribution of hemosiderin deposition in SS. Furthermore, susceptibilityweighted imaging (SWI) has now been used to visualize venous structures and iron in the brain and to study diverse pathologic conditions [14] [15] [16] .
However, little is known about the added diagnostic value of SWI to conventional MRI and DWI. Thus, the purpose of this study was to evaluate whether SWI could better characterize SS than conventional MRI and DWI for a possibility of potential use in a routine clinical setting.
Materials and methods

Study subjects
This study was approved by our institutional review board with waiver of informed consent. We performed a retrospective review of clinical and imaging data on the patients who underwent MR examinations at our institution for the 6-year period between September 2009 and September 2015. Further inclusion criteria included (1) suspected diagnosis of SS from its typical symptom and signs; (2) profoundly hypointense linear structures along the surface of the brain on the images of conventional MR, DWI and SWI sequences. Exclusion criteria were as follows: (1) imaging quality insufficient for analysis; (2) diffuse low signal intensity mainly in the basal ganglia region, thalamus, brain stem and deep white matter; (3) the cortical vessels which also demonstrate low signal intensity on the T2-weighted images but can be distinguished by observation in three or more cross sections; (4) calcification, identified by the phase images. Ultimately, 21 patients fulfilled the criteria and were selected into the study. 16 patients were men and 5 were women, and the patient ages ranged from 22 to 71 years with a mean of 59.18 ± 10.41 years. As shown in Table 1 , the positive previous history causing secondary SS was present in 20 cases (tumor excision, 11; vascular disease, 9) , and only 1 patient showed negative previous history. Furthermore, the clinical manifestations included hearing impairment (n = 5), pyramidal signs (n = 5), aphasia (n = 4), seizure (n = 3), convulsion (n = 2), decrease vision (n = 2), syncope (n = 1), and headache (n = 1). The DWI was performed in the axial plane with a spin-echo echo-planar sequence. The imaging parameters used were as follows: TR/TE = 8200/102 ms, NEX = 2.0, FOV = 220 × 220, slice thickness = 5 mm and interslice gap 1 mm. The b values were 0 and 1000 mm 2 /s with diffusion gradients encoded in the three orthogonal directions to generate three sets of diffusion-weighted images (X-, Y-and Z-directions). Processing of the ADC map was generated automatically on the MRI scanner.
MR imaging
The SWI was acquired with the following parameters: TR/TE = 27/20 ms, flip angle = 15°, FOV = 230, matrix = 256 × 243 mm, number of excitation = 1, section thickness = 1.5 mm, and intersection gap = 0.3 mm. Subsequently, the SWI sequences were reconstructed with minimum intensity projection (MinIP) technique to obtain images with section number, thickness, and position similar to other sequences.
Image analysis
Two experienced neuroradiologists (Y.Y. and Z.X. with 15 and 7 years of experience in neuroradiology, respectively), blinded to any information of the patients, independently evaluated the images. The equivalent sections of SWI, DWI, [17] , the ventricular system and the surface of cranial nerve. The extent of SS was classified as either focal (restricted to ≤ 3 sulci) or disseminated (> 3 sulci) [18] . Microbleeds in brain parenchyma were defined as hemorrhagic lesions with a diameter of less than 5 mm. After a 4-week interval, each image was reviewed a second time by each observer. Then two reviewers discussed their results and came to a final agreement.
Statistical analysis
Statistical analyses were performed using a commercially available software package (PASW Statistics for Windows, Version18.0, SPSS Inc., Chicago, IL). To assess the intraand interobserver variabilities in interpreting the SWI images, kappa (κ) statistics were used to measure the degree of observer agreement and κ values were also calculated for intra-and interobserver agreements. 
Results
All the 21 patients had lesions shown on conventional MRI, DWI and SWI. As shown in Table 2 , intraobserver agreement for both reviewers between the first and second times was excellent (κ = 0.91-1 and 0.85-1, respectively). Interobserver agreement between both blinded readers was also present as excellent agreement (κ = 0.88-1 and 0.91-1, respectively). The lesions demonstrated significantly low signal intensity on SWI, DWI and T2-weighted images but low (n = 10) to intermediate (n = 4) signal intensity on T1-weighted and T2-weighted FLAIR images. The extent of lesions reflected by the hemispheric sulci was found to be focal in 5 cases (23.8%) and disseminated in 16 cases (76.2%) ( Fig. 1) .
Of 68 regions with SS on the images of conventional MR and DWI sequences, the hemosiderin depositions (n = 68) were found 14 (20.6%) in the frontal lobe, 11 (16.2%) in the temporal lobe, 7 (10.3%) in the parietal lobe, 6 (8.8%) in the occipital lobe, 8 (11.8%) in sylvian fissure, 8 (11.8%) in cerebellum, 9 (13.2%) in brainstem, 3 (4.4%) in the ventricular system and only 2 (2.9%) in the surface of cranial nerve. In contrast, on SWI images, there were 17 (15.2%), 15 (13.4%), 13 (11.6%), 12 (10.7%), 14 (12.5%), 12 (10.7%), 12 (10.7%), 5 (4.5%) and 12 (10.7%) out of the 112 total hemosiderin depositions present in the frontal lobe, the temporal lobe, the parietal lobe, the occipital lobe, sylvian fissure, cerebellum, brainstem, the ventricular system and the surface of cranial nerve, respectively. Significant differences in the number of SS distributions were found between the conventional MRI sequences and SWI, as well as between SWI and DWI (both p = 0.005). In addition, there was a trend of more distributions demonstrated on SWI (Figs. 2, 3 ). Furthermore, among 10 patients associated with cranial nerve involvement detected by SWI, 6 (60.0%) had the lesion only in the 8th nerve, 2 (20.0%) only in the 5th nerve, and 2 (20.0%) in both 8th and 5th nerve.
All patients were found to have cerebral microbleeds in brain parenchyma. There was a mean of 19.3 lesions (ranging from 2 to 28 lesions) found on conventional MR, a mean of 27.9 lesions (ranging from 5 to 41 lesions) on DWI and a mean of 36.7 lesions (ranging from 6 to 55 lesions) on SWI. The number of cerebral microbleeds detected by the conventional MR (n = 285) and DWI (n = 334) was significantly different from that by the SWI (n = 491, both p = 0.001).
Discussion
Superficial siderosis of the central nervous system results from chronic or intermittent hemorrhage into the subarachnoid space, leading to hemosiderin deposition in subpial layers [1, 3] . Hemosiderin is a neurotoxic agent that is responsible for neuronal and glial damage, and accounts for [2, 6, 19] . Patients with SS are presented with a triad of progressive bilateral sensorineural hearing loss, cytotoxic consequences on the cerebellum of limb and gait ataxia and myelopathy. In our study, only 2 (9.5%) patients presented with the conventional triad, 5 (23.8%) with hearing loss, and 5 (23.8%) with pyramidal signs, which were all lower than the incident rate reported in the literature [1] . Based on clinical history, SS has been classified into two types as idiopathic and secondary superficial siderosis [20] . Of the 21 patients selected for this study, only 1 patient was idiopathic SS with no positive previous history whereas the other 20 were secondary SS.
In the present study, all superficial siderosis showed significantly low signal intensity on SWI, DWI and T2-weighted images compared to T1-weighted and T2-weighted FLAIR images, indicating that SWI, DWI and T2-weighted sequences are more sensitive than other conventional MR sequences. The range from low to intermediate signal intensity on T1-weighted and T2-weighted FLAIR images may result from hemorrhage in different periods. Furthermore, the number of SS distributions on SWI was higher than that seen on both conventional MR and DWI, which suggests that SWI has a better visualization that would add confidence in the diagnosis of SS. SWI is a new MRI technology which involves multiplication of phase and magnitude images. It is indeed a T2* technique that can accentuate the visibility of susceptibility changes in different tissues. This characteristic makes SWI highly sensitive for the detection of extravascular blood products, such as hemosiderin. It has been reported that SWI depicts significantly more small hemorrhagic lesions than T2*-weighted sequence [4, 13, 16, 17] . In addition, SWI is a 3D sequence which allows a more complete evaluation of the brain and identification of much smaller lesions in different orthogonal planes. Therefore, SWI might be an optimal technique for demonstrating the SS. Our results show the clear superiority of SWI over conventional MR and DWI, especially for the detection of microbleeds. DWI is also acknowledged as a useful MR sequence in the detection of cerebral hemorrhagic lesions [10] ; however, DW signal receives varying contributions from the T2 relaxation time, T1 relaxation time and T2* effects [21] , making the sensitivity of DWI in the detection of SS and cerebral microbleeds less than SWI.
Although SWI is beneficial for the diagnosis of SS, to the best of our knowledge, the intra-and interobserver agreements of this important MR sequence is less reported, which is of great importance in further clinical application for the diagnosis of SS. Our present study demonstrated that the intra-and interobserver agreements for the assessment of the prevalence, extent and distribution of SS were excellent with shows that SWI, DWI and T2-weighted sequences are more sensitive than T1-weighted and T2-weighted FLAIR sequences and SWI offers a better visualization κ ranging from 0.85 to 1. Additionally, there also existed excellent agreement for the detection of prevalence of microbleeds (all κ = 1).
Clinically, the hallmark of SS is progressive sensorineural deafness with cerebellar ataxia. However, there is a substantial delay between the onset of bleeding and the appearance of the syndrome spanning from 6 months to decades, which makes early diagnosis very difficult [2] . It appears that SWI has the ability to provide increased sensitivity for early recognition and more precise analysis of SS progression status. We found that the affected nerves mainly occurred in the 8th and 5th cranial nerve, particularly in the 8th nerve. This may be due to the fact that the 8th cranial nerve is in constant contact with cerebrospinal fluid and central myelin extends along the nerve in a considerable distance [22] . As for the patients with cranial nerve involvement but lack of clinical manifestation, a full evaluation of the etiology, degree and distribution of deposition should be performed since early diagnosis and therapeutic intervention would yield a better prognosis.
A meticulous search for the source of the recurrent subarachnoid hemorrhages is desired in clinic because surgical treatment of SS depends on early identification of the bleeding source. As shown in the current study, cerebral parenchymal microbleeds were found to be significantly different between the conventional MR sequences and SWI sequence. Recently, cerebral amyloid angiopathy (CAA) has been considered as an etiology of SS cases [23] [24] [25] [26] , and van Rooden et al. [27] reported that SS was common in hereditary form of CAA and located adjacent to a superficial intracerebral hemorrhage or microbleed. Thus, a better demonstration of superficial intracerebral hemorrhage or microbleeds could provide valuable clues to the underlining etiology of SS.
Our study has several limitations. First, in most patients we have no histologic confirmation of the diagnosis. However, our careful inspection of the images minimized the at subcortical or subependymal areas were visible on T2-weighted, T2-weighted FLAIR and DWI images, but absent on T1-weighted image. Axial SWI image (e) showed additional intrasulci hemosiderin depositions and more intraparenchymal low-signal-intensity foci and a wider distribution of SS possibility of false-positive lesion. Second, because SS is an uncommon condition, the patient sample was too small. To draw meaningful conclusions, a multicenter study involving a larger number of patients is required. Third, considering the facts that SWI has a better demonstration of hemorrhagic lesions of the brain than T2*weighted sequence, and that SWI can provide the phase images to identify calcification which is beyond the capability of T2*-weighted sequence, as well as that the acquisition time of both SWI and T2*-weighted sequence may increase the risk for motion artifacts, we had to skip T2*weighted sequence for the comparison. Fourth, as normal individuals were not included, we were unable to provide the sensitivity and specificity for SWI in the detection of SS. Finally, aging and all these kinds of disease may result in SS; therefore, SS caused by different causes should be further researched in the further study.
Conclusions
In conclusion, this is still the first systematic study demonstrating the application of susceptibility-weighted imaging in assessing the rare condition, SS. SWI appears to be a valid alternative for characterizing SS or suspected cases in a routine clinical setting. 
